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Self-assembly and ring-opening metathesis
polymerization of a bifunctional carbonate–
stilbene macrocycle†
Yuewen Xu, Weiwei L. Xu, Mark D. Smith and Linda S. Shimizu*
A carbonate–stilbene bifunctional macrocycle was readily synthesized, and its assembly was studied by
crystallization from several solvents. The macrocycle displayed columnar assembly from less polar solvents
(THF and CH2Cl2), while a more compact structure was observed from 9 : 1 CH2Cl2–acetone. All structures
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displayed organization through the C–H/O hydrogen bonding motif as well as through aryl stacking
interactions. Upon dissolution and treatment with Grubbs’ II catalyst, this 30-membered ring underwent
entropy-driven ring-opening metathesis polymerization (ED-ROMP) to give a precisely linear alternating

DOI: 10.1039/c3ra45055d

A–B–A–B copolymer. This design of a single macrocyclic building block allows the formation of

www.rsc.org/advances

supramolecular self-assembly in the solid-state while aﬀording a linear alternating polymer from solution.

1

Introduction

Macrocyclic materials have demonstrated utility in natural product
synthesis,1 for porous materials2,3 and in supramolecular chemistry.4,5 Our group has developed bis-urea macrocycles as assembly
units to form columnar materials with homogeneous and accessible columns that can be used for binding guests and for facilitating reactions in connement.6,7 Salient features of this
supramolecular assembly unit include relatively unstrained macrocycles that consist of two rigid spacers and two urea groups. The
bis-urea macrocycles self-assemble into columns through a threecentered urea hydrogen-bonding motif and aryl stacking interactions. In this manuscript, we investigated the substitution of
carbonate groups for the ureas. The thirty membered ring of
macrocycle 1 incorporates both stilbene and carbonate moieties
(Fig. 1). We evaluated the assembly of these macrocycles under a
range of conditions, and found that these macrocycles also selfassembled into columns in the solid-state with the monomers
organized through dipole interactions and CH/O hydrogen
bonds. We evaluated the macrocycle by DFT methods and estimated that they were relatively unstrained, suggesting that a
polymerization should not be an enthalpy driven process. Experiments showed that the macrocyclic monomers were polymerized
using Grubbs' catalysts second generation and supported the
hypothesis that this polymerization was an entropy driven process.

Aromatic polycarbonates are important engineering plastics, especially those manufactured from bisphenol A, which
are transparent and have relatively high glass transition
temperatures and good processability.8,9 Aliphatic polycarbonates are attracting attention for medical applications
due to their biocompatibility and degradability.10 Typically,
aromatic polycarbonates, such as those derived from bisphenol
A, are made from the corresponding phenol and phosgene or
its derivatives. Aliphatic derivatives are synthesized by ringopening polymerization of cyclic carbonates or spiroorthocarbonate monomers using anionic, cationic, coordination–
insertion, organocatalytic or enzymatic methods.11 These cyclic
monomers are oen strained 3–8 membered rings, and the
polymerization is driven by enthalpy that is associated with the
release of ring strain.12 The polymerization of large cyclic
carbonates with relatively low ring strain is thought to be
entropy driven.13 Entropy driven ring-opening metathesis (EDROMP) is relatively rare,14–18 and polymers are favoured at high
monomer concentrations. Macrocyclic alkenes and esters have
been polymerized by entropy driven polymerizations.12 For
example, Hodge and Kamau observed ED-ROMP of macrocyclic
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Bifunctional macrocycle 1 self-assembled to give columnar
structures in the solid-state. Upon dissolution and treatment with
Grubbs' catalyst, the macrocycle undergoes a ring-opening
polymerization.

Fig. 1
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olens with 21-, 28-, and 38-membered rings.19 Gautrat and
Zhu reported the ROP of cyclic bile acids (35- and 38-membered
rings) to aﬀord degradable elastomers.20 This manuscript
reports the ED-ROMP of a 30-membered dicarbonate macrocycle to give an alternating copolymer.
Copolymers are of great interests to polymer chemists.21 A
block copolymer can introduce phase separation of two blocks
and maintain its individual function. Random copolymers
allow readily tuning of material properties, such as crystallinity
and glass transition temperature, by varying the composition of
the two monomers along the polymer backbones. In comparison, precisely alternating copolymers could render optimal
positioning of two monomers and introduce extra ne microstructure. Thus, they could be useful in a variety of applications,
such as organic light emitting diodes.
Our symmetrical macrocycle is bifunctional and contains both
carbonates and stilbenes. Upon ring-opening metathesis polymerization using Grubbs’ II catalyst, macrocycle 1 produces a
precisely alternating copolymer, where carbonate and stilbene
groups were aligned next to each other. We used computations to
estimate the ring strain present in 1 and investigated the subsequent ring-opening polymerization of the macrocycle. The polymerization was clearly concentration dependent with lower
concentration (0.2 M) aﬀording relatively low yield of polymer
while higher concentrations (1 M) showed signicant improvement in both yield and molecular weight. We observed signicant
isomerization of the cis-stilbene under our polymerization conditions to give a trans : cis ratio of 8 : 5. These new polycarbonates
may have interesting material properties and applications.

The following experiment is typical of those summarized in
Table 1: macrocycle 1 (0.145 g) was dissolved CHCl3 (0.2 mL) at a
concentration of 1 M. The solution was degassed by freeze–
pump–thaw method and relled with nitrogen. Grubbs' catalyst
2nd generation in minimum degassed CHCl3 (0.07 mL) was
introduced into the reaction mixture. The reaction mixture was
allowed to react at 60  C for 18 h before quenched with trace
amount of ethyl vinyl ether. The solution was allowed to stir at
room temperature for another 30 minutes and diluted with 0.5
mL CHCl3. Cold methanol was added to the solution dropwise
until a layer of precipitated polymer was found, and the
resulting polymer was collected. The precipitation was repeated
to remove any unreacted monomer, and then the resulting
polymer was dried under vacuum overnight. Data: 1H NMR (500
MHz, CDCl3) d 5.13 (s), 5.16 (s), 6.58 (s), 7.09 (s), 7.23 (s), 7.37
(d), 7.49 (d); 13C NMR (125 MHz, CDCl3) d 69.7, 126.9, 128.5,
128.8, 129.0, 129.2, 130.3, 134.1, 134.7, 137.5, 137.6, 155.2.

2 Experimental

2.4

2.1

2.3

Ring-opening polymerization

X-ray diﬀraction

Materials

All chemicals were purchased from Sigma-Aldrich or VWR and
used without further purication. HPLC grade chloroform was
used for ring-opening metathesis polymerization and was
vacuum distilled over CaH2 prior to use.
2.2

diol 3 (0.50 g, 2.08 mmol) in 50 mL THF.22 The reaction mixture
was stirred at 70  C for 48 h. The solvent was removed under
reduced pressure. Then the residue was subjected column
chromatography on silica gel and eluted with CH2Cl2–hexane
(3 : 1) to aﬀord a white powder (0.26 g, 41%). Data: 1H NMR (400
MHz, CDCl3) d 5.16 (s, 8H), 6.62 (s, 4H), 7.18–7.24 (m, 16H); 13C
NMR (100 MHz, CDCl3) d 69.7, 128.1, 129.3, 130.5, 133.8, 137.6,
155.1. MS (EI), m/z ¼ 178, 207, 221, 267, 488, 532 (M+); HRMS
(EI) calc. for C34H28O6 532.1886, found 532.1891.

Synthesis

Synthesis of cis-stilbene diol 3. A solution of LiAlH4 (0.274 g,
6.87 mmol) was prepared in 30 mL THF and stirred for 30
minutes at 0  C. Then cis-stilbene-4,40 -dicarboxylate 2 (0.925 g,
3.12 mmol) was dissolved in 50 mL THF and transferred to an
addition funnel. The dicarboxylate was added dropwise to the
LiAlH4 solution and stirred for 6 hours at r.t. The reaction was
then quenched with 0.3 mL H2O, 0.6 mL 1 N NaOH, followed by
0.9 mL H2O. Aer completion, the reaction mixture was ltered
and the solution was dried over Na2SO4 anhydrous and reduced
in vacuo. The product was obtained as a white solid (0.71 g,
95%). Data: mp 116–119  C. 1H NMR (300 MHz, DMSO-d6) d
4.44 (d, J ¼ 6.0 Hz, 4H), 5.15 (t, J ¼ 6.0 Hz, 2H), 6.57 (s, 2H), 7.18
(s, 8H); 13C NMR (75 MHz, DMSO-d6) d 63.3, 127.1, 128.9, 130.3,
135.9, 142.3. MS (EI), m/z ¼ 179, 193, 221, 240 (M+); HRMS (EI)
calcd for C16H16O2 240.1150, found 240.1147.
Synthesis of macrocycle 1. Solid 1,10 -carbonyldiimidazole
(0.337 g, 2.08 mmol) was introduced to a solution of cis-stilbene
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Table 1 Crystal and reﬁnement data for crystal forms of 1 obtained
from CH2Cl2, THF and 9 : 1 CH2Cl2–acetone

Empirical formula
Formula weight
T/K
Crystal system
Space group
a/Å
b/Å
c/Å
a/
b/
g/
V/Å3
Z
Dc/mg mm3
m/mm1
F(000)
Re. collected, unique
Rint
GOF on F2
R1[I > 2s(I)]
wR2 (all data)
Drmax,min/e Å3

1$CH2Cl2

1$C4H8O

1

C35H30Cl2O6
617.49
150(2)
Triclinic

P1
10.9128(8)
11.6446(8)
12.4210(9)
97.081(1)
100.513(1)
98.806(1)
1514.93(19)
2
1.354
0.260
644
21 031, 5346
0.0433
1.065
0.0492
0.1449
0.588/0.458

C38 H36O7
604.67
100(2)
Monoclinic
P21/n
14.555(4)
5.6690(16)
18.310(5)
90
96.521(6)
90.00
1501.0(7)
2
1.338
0.092
640
16 358, 3122
0.0517
1.022
0.0416
0.1011
0.24/0.21

C34H28O6
532.56
150(2)
Monoclinic
P21/c
11.2731(8)
10.6669(7)
22.7178(15)
90
91.852(2)
90
2730.4(3)
4
1.296
0.088
1120
30 839, 4848
0.0662
0.912
0.0394
0.0840
0.387/0.128
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Characterization

NMR was recorded on Varian Mercury/VX 300 and 500 NMR
spectrometer. Size-exclusion chromatography (SEC) was conducted on a liquid chromatograph (Agilent 1100 series) equipped with an HP1047A refractive index detector. Molecular
weight characteristics of the samples were referenced to polystyrene standards (Polymer Laboratories). DSC data were
collected on a TA Q200 diﬀerential scanning calorimeter. X-ray
diﬀraction data were collected on Bruker SMART APEX
diﬀractometer using Mo Ka radiation. The powder X-ray
diﬀraction experiments were performed on Rigaku D/Max 2100
Powder X-ray diﬀractometer (Cu Ka radiation), and the experiments were taken using a zero background slide on which the
sample was gently pressed. The N2 gas adsorption isotherm was
generated by using Micromeritics ASAP 2020 instrument. UV-vis
detection was performed on a Beckman Coutler 640 DU
spectrometer.

3 Results and discussion
The cis-stilbene diol 3 was synthesized from commercial dimethyl
cis-stilbene-4,40 -dicarboxylate 2 as described previously.23 The
diol was then cyclized with 1,10 -carbonyldiimidazole in THF (40
mM) under reuxing condition to achieve the macrocycle 1 in a
moderate yield (Scheme 1). No extra base was required, since the
nitrogen on imidazole ring was suﬃciently basic. The dimeric
and symmetrical structure of 1 was conrmed by NMR and Mass
spectrometry. X-ray quality single crystals of 1 were obtained by
slow evaporation of CH2Cl2 (2 mg mL1) to aﬀord transparent
plate-like crystals of the solvate C34H28O6$CH2Cl2, from THF (2
mg mL1) to give colorless needle crystals of the THF solvate
C34H28O6$C4H8O, and a solvent free crystal obtained by slow
evaporation from 9 : 1 CH2Cl2–acetone (2 mg mL1). Table 1
compares their crystal data. In the case of the solvate structures,
each formed supramolecular columnar structures in which one
solvent molecule lled the cavity of the macrocyclic monomer.
Macrocycle 1 crystallized from CH2Cl2 in the triclinic system
. The asymmetric unit consists of one
with space group P1
C34H28O6 molecule and one encapsulated CH2Cl2 molecule
(Fig. 2a and b). Unexpectedly, the carbonate macrocycle
assembled into columns assisted by four short C–H/O interactions.24,25 Blue lines in Fig. 2b indicate interactions with
distances at least 0.2 Å shorter than the sum of the van der
Waals radii of H and O (2.72 Å). Donor–acceptor (D(H)–A)
distances range from 3.278(2) for C2(H2A)/O50 to 3.467(2) for
C17(H17B)/O10 . Dichloromethane molecules were encapsulated within the columnar host structures through contacts

Synthesis of macrocycle 1. Reagents and conditions: (i)
LiAlH4, THF, 95%; (ii) 1,10 -carbonyldiimidazole, THF, reﬂux, 41%.

Scheme 1

This journal is © The Royal Society of Chemistry 2014

Fig. 2 Views from the crystal structure of 1$CH2Cl2 solvate. (a)
Molecular structure of the macrocycle. Displacement ellipsoids drawn
at the 50% probability level; (b) a tubular array organized by C–H/O
hydrogen bonds, indicated by blue lines; (c) packing diagram looking
down the column axis. CH2Cl2 solvent molecules ﬁll the columns.

between the hydrogens of CH2Cl2 and the carbonate oxygen that
give short donor–acceptor (D(H)–A) distances of (C(H)/OCO2 ¼
3.62 Å) as well as to the neighboring aryl group (H/centroid
3.18 Å).
Columnar assembly was also observed in the THF solvate
C34H28O6$C4H8O. The compound crystallized as colorless needles in the monoclinic space group P21/n. The asymmetric unit
consists of half of one macrocycle, which is located on a crystallographic inversion center, and a THF molecule (Fig. 3). The
THF is disordered across the inversion center. The macrocycles
stack into columns through CH/O interactions between the
methylenes of 1 and the carbonyl oxygen of a neighboring macrocycle with a D/A distance of 3.492(2) from C(17)/O(1). Fig. 3b
displays these short CH/O contacts as well as those between

Fig. 3 Views from the crystal structure of 1$THF solvate. (a) Molecular
structure with inclusion of THF in the macrocycle; (b) a tubular array
viewed from the side. Blue lines represent C–H/O hydrogen bonds.

RSC Adv., 2014, 4, 1675–1682 | 1677
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carbonate ester oxygen O2 and methylene adjacent to carbonate
(H2) with D/A ¼ 3.548(2) Å from C(2)/O(2). The cycles make an
angle of 58.67(1) with the column axis. The column is lled with
THF solvates likely in contact with the column walls through
CH/O and van der Waals interactions, though such analysis is
less reliable because of the THF disorder.
A diﬀerent, solvent-free crystal form was obtained by crystallization from 9 : 1 CH2Cl2–acetone. The colorless block
crystals are monoclinic with the space group P21/c. The macrocycles assemble primarily through CH–O interactions. Fig. 4b
shows the short CH/O interactions between the carbonate
oxygen (O4) and C–H donors on two neighboring macrocycles.
The donor–acceptor (D(H)–A) distances are 3.250(2) Å from
C(10) to O(4) and 3.247(2) Å from C34 to O4. In addition, we
observed oﬀset face-to-face stacking interactions (illustrated by
pairs of like color) and edge-to-face (two molecules of unlike
color) stacking interactions (Fig. 4c).
It appears that CH/O short contacts are an important
organizational element in each of the three crystal forms. The
small, low polarity solvents CH2Cl2 and THF were included in

Paper

the channels of these columns. The self-assembly of macrocycles by non-covalent interactions has also been used to
generate conned environments that can inuence organic
reactions.26 Thus, we were interested to see if the columnar
structures would be porous aer the solvent was evacuated.
Removal of the dichloromethane under vacuum (48 h) caused
a marked change in the morphology of the crystals, experimentally suggesting that the interactions that hold the carbonate
macrocycles together are not as robust as the urea interactions
that typically drive our bis-urea macrocycles into stable
columnar structures.6,7 We next investigated the porosity of these
crystals. Crystals of 1 (145 mg) obtained from CH2Cl2 aer
vacuum drying were subjected to N2 gas adsorption measurement at 77 K. We observed a type II isotherm (Fig. 5a), which is
consistent with mesoporous materials.27 The BET method was
applied to the isotherm at P/Po between 0.06 and 0.2 to give a
calculated surface area of 314 m2 g1. The pore volume and pore
size were calculated as 0.23 cm3 g1 and 3.32 nm respectively.
The results of gas adsorption experiment indicate that, upon
removal of the solvent, 1 is mesoporous and shows a pore size
that is much larger than the cavity of a single macrocycle.
We turned to powder X-ray diﬀraction (PXRD) to compare the
structure of the desolvated sample with two crystal forms of 1
(1$CH2Cl2 and the compact structure of 1 from 9 : 1 CH2Cl2–
acetone). The single crystal data from the crystal forms of 1 were
used to generate simulated PXRD patterns using Mercury.28 Part
of the desolvated sample (50 mg) was ground to a powder and
examined by PXRD (Fig. 5b, blue line). The pattern is sharp and
intense, indicating a highly ordered structure. Comparison of
peak positions and intensities of the observed pattern with the
two simulated patterns suggests that this structure is distinct
from the other crystal forms.
Ring-opening metathesis polymerization (ROMP) is a
powerful technique for synthesizing high molecular weight
functional polymers.29 Typically, this type of polymerization
takes place in small strained cycle with a size of 3–8 membered
ring. The main driving force of polymerization is the release of
ring strain, an enthalpically driven process. Larger macrocycles
with low ring strain have minimal enthalpy change on polymerization and have less of an enthalpic driving force.18,30
Monomers with ring strain energy below a critical value of 5 kcal
mol1 should not readily polymerize under typical conditions.13
Thus, we next investigated the ring strain in macrocycle 1.

Fig. 4 Views from the crystal structure of 1 obtained from 9 : 1

CH2Cl2–acetone. (a) Molecular Structure. (b) View highlighting the
short CH/O interactions. Blue lines represent C–H/O hydrogen
bonds; (c) packing diagram of macrocycle 1. Pairs of like color indicate
a face-to-face stacking and pairs of unlike color indicate an edge-toface stacking.

1678 | RSC Adv., 2014, 4, 1675–1682

Fig. 5 (a) N2 gas adsorption isotherm of at 77 K of assembled macrocycle 1. (b) Experimental PXRD pattern of macrocycle 1 crystal upon
solvent removed (blue line), simulated PXRD pattern calculated from
the coordinates of 1 (red line), and simulated PXRD pattern calculated
from the coordinates of 1$CH2Cl2 single crystal (green line).

This journal is © The Royal Society of Chemistry 2014
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Using the crystallographic coordinates (.cif le), we generated a model of macrocycle 1 using Spartan 10 and deleted the
coordinates of CH2Cl2 guest.31 The Monte Carlo search at
ground state with Molecular Mechanics (MMFF) force eld was
carried out to investigate the lowest energy conformer of macrocycle 1, and the simulated annealing method was used by the
program to examine 100 000 conformers and the lowest 100
conformers were kept. We further examined the lowest energy
conformer (Fig. 6) by the density functional calculation (DFT) at
B3LYP level and using the 6-31+G* basis set, which aﬀord an
energy E1 of 1763.89456 a.u.
To investigate the geometry optimized model in Fig. 6, the
C2–C3 and C19–C20 bonds were broken to obtain two identical
open chains (fragment 5). Monte Carlo search was performed to
study the conformer distributions of fragment 5, which has two
hydrogens added to the ends of the fragment. A corresponding
DFT energy calculation of the lowest energy conformer of fragment 5 was carried out using identical basis set and aﬀorded an
energy E5 of 883.146979 a.u. Because this energy also reects
the formation of two C–H bonds (EC20 –H and EC30 –H) and the
breaking of C–C bonds (EC–C) as well as any ring strain inherent
in 1. Thus, the ring strain energy ERS of macrocycle 1 should be
given by following equation:
ERS ¼ E1  2E5 + 2DE

(1)

DE ¼ EC20 –H + EC30 –H  EC–C.

(2)

where

Fig. 6 Molecular models simulated by Spartan: geometry optimized
model of macrocycle 1 was broken at C2–C3 and C19–C20 bonds to
obtain fragment 5. In order to investigate C–C energy, 5 was divided
into radical 6 and 7; similarly model 8 and 9 were generated to
calculate C–H bond energy. All the models were generated by Spartan
10, the Monte Carlo search was run at ground state with Molecular
Mechanics Force Field (MMFF), energy calculations were processed by
the density functional calculation (DFT) at B3LYP level with 6-31+G*
basis set.

This journal is © The Royal Society of Chemistry 2014

We estimated the C–C bond energy by breaking the fragment
5 into radical 6 and 7 and calculated the energy of these two
radicals by DFT at B3LYP level with 6-31+G* basis set. The C–C
bond energy (EC–C ¼ 0.157355 a.u.) was determined to the
energy diﬀerence between fragment 5 and E6, E7 of the corresponding radicals. Similarly, models 8 and 9 were designed to
estimate the energy of two C–H bonds (EC20 –H and EC30 –H) which
formed at C20 and C30 of fragment 5, the bond energy was
obtained as a diﬀerence between the energy of model 8 or 9 and
the energy of corresponding radicals, which gives EC20 –H of
0.668356 a.u. and EC30 –H of 0.687446 a.u. Taken together,
DE(1.198447 a.u.) was calculated based on eqn (2). This
aﬀorded a strain energy ERS of macrocycle 1 of 1.57 kcal mol1,
suggesting relatively little strain. Given this low strain, we were
not expecting to observe a ROP under typical conditions.
The ring-opening metathesis polymerization of macrocycle
1 was carried out using the highly eﬃcient Grubbs' catalyst
second generation and aﬀorded reasonable high-molecularweight polymers aer quenching with ethyl vinyl ether.32 The
polymer was precipitated by addition of methanol. The NMR
spectrum of crude reaction mixture upon quenching indicated
unreacted monomer and resulting polymer were observed as
two major components, although minor fractions of cyclic
oligomers were also possible but were not observed from NMR
and SEC data. This suggests the cyclic oligomers concentration is very low, <5%.30 A range of reaction conditions was
carried out to investigate the inuences of monomer
concentration and reaction time on polymerizations. In all
cases, the monomer to catalyst ratios were set to 100 : 1 for
consistency; therefore, the highest degree of polymerization
the polymer could possibly possess would be 100. The polymerization was clearly concentration dependent, since at a
lower concentration of 0.2 M the polymerization produced
polymer at relatively low yield and molecular weight.13
However, when the concentration increased to 1 M, which was
the highest concentration before monomer started to crystallize from chloroform, the polymerization evidently showed
signicant improvement in both yield (60%) and molecular
weight (Mn ¼ 45 kg mol1, entry 3 Table 2).20 Given the
polymerization is clearly concentration dependent and that
DFT calculations suggest low ring strain, our hypothesis is
that the polymerization may be entropy driven. Indeed, Fogg
et al. suggest that an entropy driving force can be created at
appropriately high concentration of cyclic olens.33 When
ROMP was carried out at a shorter reaction time, we observed
similar conversion and molecular weight, which suggests that
the reaction equilibrium is likely established within a short
period of time.
The ROP aﬀords a copolymer with precise alternation of
stilbene and carbonate groups along the macrocycle as illustrated in Scheme 2. The structure of resulting alternating
polymer was conrmed from 1H NMR spectroscopy, which
showed a clear distinction from the macrocycle monomer. The
cis-stilbene is known to isomerize to the more stable trans-stilbene under UV-irradiation or thermal initiation.34–37 In ROMP,
cis double bond is also known to undergo isomerization to
reach toward an equilibration of backbone stereochemistry

RSC Adv., 2014, 4, 1675–1682 | 1679
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Summary of ROMP conditions tested

Entry

M/G2a

Conc.

t (h)

Conv. (%)

Mnb (kg mol1)

Mwb (kg mol1)

Đb

Dpc

1
2
3
4

100
100
100
100

0.2 M
0.7 M
1M
1M

18
18
18
6

31
55
60
58

13
38
45
43

20
68
86
87

1.5
1.8
1.9
2.0

24
71
85
81

a
[Monomer] : [catalyst] ratio.
polymerization.

b

Measured using an RI detector on a SEC instrument with chloroform as an eluent at 25  C.

Ring-opening metathesis polymerization of macrocycle 1.
(i) G2, CHCl3, 60  C.

Scheme 2

through secondary metathesis.19,38 The chemical shi of the
methylene units of the stilbene are typically used to diﬀerentiate between the two isomers.39 The chemical shi at 7.1 and
6.6 ppm correspond to the vinylic protons (Ha in Fig. 7) on
trans- and cis-stilbene, respectively and are baseline separated
in our spectra. Thus, integration of these two gave a trans : cis
ratio of 8 : 5 for entry # 3. This ratio was also observed for the
methylene units on trans- and cis-stilbene (Hb, Fig. 7). Other
conditions gave similar ratios. Thus, we observe signicant
isomerization of the cis-stilbene under our polymerization
conditions.
The molar mass of resulting polymer was analysed by size
exclusion chromatography (SEC). The polymer 4 (entry 3
Table 2) displayed a single peak with a maximum retention time
of 20.8 min as shown in Fig. 8a. The polydispersity of polymer 4

Fig. 7 1H NMR spectrum of poly(carbonate-co-stilbene) 4 in CDCl3,
500 MHz.

1680 | RSC Adv., 2014, 4, 1675–1682

c

Degree of

all fell in the range of 1.5–2.0, which is typically observed in the
ROMP derived from monomers with a low ring strain.40–42
Furthermore, the secondary metathesis at extended reaction
time ($6 h) could also contribute to the slight broadening of the
molecular weight dispersity.43,44 The polymer also displayed a
single glass transition temperature (Tg) at 73  C as analysed
from diﬀerential scanning calorimetry (Fig. 8b) suggesting no
microphase separation takes place.
UV-vis spectroscopy provides a further insight into the
extended conjugation length of stilbene functionality upon
polymerization. The absorption maxima of the solution of
macrocycle 1 (2.5  105 M) originally was displayed at 284 nm,
and shied to a longer wavelength upon polymerization as
shown in Fig. 8c. Two major absorption bands at 302 and 316
nm correspond to the cis and trans stilbene units, respectively
and provide additional evidence that isomerization occurs
under the reaction conditions. Indeed, the parent trans-stilbene
should show a p / p* transition at a higher wavelength due to
enhanced conjugation resulting from a more planar geometry
of trans-stilbene.45,46

Fig. 8 (a) SEC chromatogram of isolated polymer 4. Chloroform as
eluent at 25  C. (b) DSC plot of polymer 4 (second heating, 10  C
min1). (c) Comparison of UV-vis spectra of macrocycle 1 and polymer
4 in chloroform (2 mg mL1).
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4 Conclusions
The unique design of the stilbene–carbonate macrocycle allowed
us to employ this macrocycle as a porous supramolecular selfassembled material in the solid state, as well as a precursor for
achieving high molecular-weight precisely alternating polymer.
Both carbonate and stilbene units are crucial in that the
carbonate moiety provides dipole and hydrogen bonding
acceptor capabilities and the stilbene functionality renders cyclic
olen building block necessary for the ring-opening metathesis
polymerization. The morphology of solid state assembly was not
particularly aﬀected by the solvents tested and displayed
columnar structures both from CH2Cl2 and THF. The macrocycle
successfully underwent ED-ROMP to give a poly(carbonate-costilbene) copolymer in an alternating manner. Such strategy
bridges supramolecular chemistry and traditional polymerization with a single molecular design. We are currently studying the
materials properties and degradation rates of these polycarbonates under environmental conditions and hope to report
on these shortly.
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